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Whilst literature describing edible Pickering emulsions is becoming increasingly available, current
understanding of these systems still suffers from a lack of consistency in terms of the (processing and
formulation) conditions within which these structures have been studied. The current study aims to
provide a comparative analysis of the behaviour of different edible Pickering candidates and their ability
to stabilise emulsion droplets, under well-controlled and uniform experimental conditions, in order to
clearly identify the particle properties necessary for successful Pickering functionality.
More specifically, an extensive investigation into the suitability of various food-grade material to act as
Pickering particles and provide stable oil-in-water (O/W) and water-in-oil (W/O) emulsions was carried
out. Polysaccharide and flavonoid particles were characterised in terms of their size, f-potential,
interfacial activity and wettability, under equivalent conditions. Particles were subsequently used to
stabilise 20% w/w O/W and W/O emulsions, in the absence of added surfactant or other known
emulsifying agents, through different processing routes.
All formed Pickering emulsions were shown to resist significant droplet size variation and remain
stable at particle concentrations between 2 and 3% w/w. The main particle prerequisites for successful
Pickering stabilisation were: particle size (200 nm – 1 lm); an affinity for the emulsion continuous phase
and a sufficient particle charge to extend stability. Depending upon the employed emulsification process,
the resulting emulsion formation and stability behaviour can be reasonably predicted a priori from the
evaluation of specific particle characteristics.
 2016 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Pickering stabilisation [1,2] has long been recognised as a very
useful method for producing emulsions with superior stability to
conventional surfactant-stabilised emulsions. Pickering particles
accumulate at the oil–water interface in the form of a densely-
packed layer that protects against droplet flocculation and coales-
cence via a steric mechanism. In comparison, surfactants stabilise
emulsions largely via an electrostatic mechanism: surfactants,
comprised of a hydrophilic head group and a hydrophobic tail
component, preferentially adsorb at the oil–water interface, reduc-
ing the free energy present when producing a high surface area
during emulsification, and hence interfacial tension is reduced,
allowing emulsions to form [3,4].
Several factors influencing Pickering emulsion stability have
been identified. These include parameters such as oil phase com-
position, particle characteristics, emulsification technique, and
storage conditions. However, arguably the most important factors
are concerned with the particle characteristics, in particular parti-
cle size and wettability [5]. Recently, it was suggested that three
main steps exist for convectional (i.e. non-diffusion controlled)
adsorption to the liquid–liquid interface [6,7]. The first step
involves particle collisions with free newly created interfacial areas
during droplet formation. The second step is concerned with the
initial adhesion of particles to this interface, where interparticle
electrostatic interactions, as well as particle size properties, are
extremely important. Finally, the third step involves water dis-
placement from the particle surface by oil which is dependent
upon the particle’s contact angle, how, at the interface and hence
the hydrophilic/hydrophobic character of the particle [8]. Where
how < 90 (measured through the water phase), the Pickering parti-
cle surface mainly resides in the water phase and can be classified
as being predominantly hydrophilic; such particles will tend to
stabilise an O/W emulsions. Adversely, if how > 90, the (largely
lipophilic) particle will predominantly remain within the oil
phase and thus facilitate formation of W/O emulsions. Finally, in
those cases where how = 90, there is no net curvature of the interface
and hence no preference for forming a specific emulsion type [9].
Understanding and/or modifying particle characteristics, such
as wettability, surface charge, particle size and even surface activ-
ity properties, may be then used to control parameters relating to
adsorption kinetics, such as the free energy of detachment (Edet;
Eq. (1)) of particles from the liquid–liquid interface [10,11]:Edet ¼ pr2cowð1 cos hÞ2 ð1Þwhere cow is the interfacial tension between the oil and water
phases; h is the particle contact angle (positive or negative depend-
ing on which phase contact angle in measured through); and r is the
particle radius.
Recently, research has focussed on using edible Pickering
particles to stabilise simple emulsions such as hydrocolloids,
rather than traditional Pickering particles such as clays [12],
polystyrene [5], silica [13] and TiO2 [14]. These edible hydrocolloid
particles include colloidal hydrophobically modified starch parti-
cles [15–17], colloidal celluloses and various cellulose derivatives
[18–20]. Such polysaccharide structures have been used to sta-
bilise simple oil–water emulsions that were extremely stable to
coalescence when compared to surfactant-stabilised systems.
Additionally, particle stabilised emulsions were shown to possess
an enhanced stability against lipid oxidation as well as an
increased tolerance to shear [20,21]. Specifically fabricated
colloidal particles have also been shown to successfully stabilise
simple emulsions. These include chitosan nanocrystals [22],
protein particles [23,24], and certain flavonoids [25,26], in additionto fat crystals and wax microparticles [27,28] and various other
crystalline species [29–31].
However, despite the currently increasing knowledge on the
functionality and performance of edible Pickering particles and
the emulsions that these structures can subsequently stabilise, a
clear disconnect amongst the available literature persists. This is
mainly as a result of reported studies differing greatly with respect
to a number of important emulsion parameters, such as pH condi-
tions, particle concentration, emulsification process and processing
parameters, oil type and particle dispersion methods.
The aim of the present study is to assess the potential of a range
of edible particulate structures to function as Pickering particles for
the stabilisation of both O/W and W/O emulsions, under well-
controlled and uniform (processing and formulation) experimental
conditions. The specific particulate species studied were: three
modified celluloses (colloidal microcrystalline cellulose, hydrox-
ypropyl methylcellulose and ethylcellulose) and two flavonoids
(rutin hydrate and naringin), as they are edible, commercially
attractive and, in the case of flavonoids, also linked to particular
health benefits [32]. Particles were characterised with regards to
their size, f-potential, particle surface activity and wettability,
while the emulsions that these structures formed were evaluated
in terms of their droplet size and stability. Finally, this study
assessed potential advantages that these particles would impart
on emulsions produced through different processing routes (i.e.
high pressure homogenisation or rotor–stator mixer).2. Materials and methods
2.1. Materials
Distilled water and commercially available sunflower oil (pur-
chased from a local supermarket) were used for the preparation
of all emulsions. 100 g samples of emulsions were prepared at
20% w/w dispersed phase volume and materials were used without
any further purification or modification. Particles used as emulsify-
ing agents were rutin hydrate, naringin, colloidal microcrystalline
cellulose (CMCC), ethylcellulose (EC) and (hydroxypropyl)methyl
cellulose (HPMC) and all were obtained from Sigma, UK. Particle
concentration and water and oil phase fractions, unless stated
otherwise, are given as percentages of the weight of the individual
constituent over the total weight of the final emulsion (% w/w).2.2. Methods
2.2.1. Preparation of Pickering particle dispersions
All particles were introduced to and treated in the continuous
phase prior to combination with the dispersed phase to form the
emulsions. 80 g of these particle dispersions were prepared and
then heated with a hot plate to 45–50 C for 40 min whilst being
agitated with a magnetic stirrer. Following this, particle disper-
sions were further treated by a high intensity ultrasonic vibracell
processor (Sonics & Materials, Inc., CT, USA) operating at 750 W
and 20 kHz.2.2.2. Preparation of particle-stabilised emulsions
Following the particle dispersion, 20 g of the dispersed phase
was added to the particle dispersion and the mixture was emulsi-
fied using a Silverson L4RT, with an emulsion screen of 19 mm
diameter, for 2 min at 10,000 rpm. Following mixing in the
rotor–stator mixer (RSM), emulsions were then passed through a
high-pressure jet homogeniser (HPH) at 900 bar, where stated.
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Particle and emulsion droplet size distributions (D3,2 and D4,3)
were measured using static multi-angle light scattering (SMLS)
via a Mastersizer Hydro 2000 (Malvern Instruments, UK). For smal-
ler particles (6200 nm), a Zetasizer (Malvern Instruments, UK),
employing the dynamic light scattering technique (DLS), was used.
Span, defined as the width at half the height of the peak of the size
distribution curve, was calculated in order to give an indication of
sample polydispersity. Where the size distributions had several
peaks, due to suitability, a Polydispersity Index (PDI) was calcu-
lated instead. This value is a measurement of the width of the par-
ticle size distribution and is calculated from the square of the
standard deviation of the measurement divided by the mean parti-
cle diameter. All size measurements were carried out in triplicate
with the mean values, unless otherwise stated, and error bars
shown represent ±1 standard deviation. Visualisation of emulsions
was captured via light microscope (Olympus CH2, Japan, with CCD
video camera). Emulsion microstructure was also imaged using
Cryo-SEM (Philips XL-30 FEG ESEM). Samples were placed in a four
well holder consisting of perforated holes within a brass stage
mounted on a steel rod. Samples were subsequently shock-frozen
in nitrogen slush, and rapidly transferred to the preparation cham-
ber of the SEM instrument (140 C). Frozen sample fracturing was
achieved via a metal knife and then dusted with gold particles
in situ, to prevent damage from the electron beam. The double
emulsions were next transferred to the measurement chamber
(180 C), and analysed using a 2 keV beam to prevent excessive
damage to the sample.2.2.4. Stability measurements
2.2.4.1. Droplet size stability. Droplet size stability was assessed
over a period of 14 days by droplet sizing techniques described
in Section 2.2.3. Measurements were carried out in triplicate with
the mean values, unless otherwise stated, given to ±1 standard
deviation.2.2.4.2. Creaming stability. Creaming stability was assessed in
accordance to the Keowmaneechi and McClements’ method [33].
20 g samples were enclosed in sealed tubes and monitored for a
period of 14 days. Separation of the emulsion phases gradually
occurred, resulting in an upper cream layer and a lower serum
layer. Calculation of the creaming index, CI (%) was achieved by:
CI ¼ Hs
He
 100% ð2Þ
where, Hs, is the height of the lower serum layer and He is the total
height of the emulsion. Measurements were carried out in triplicate
with the mean values, and error bars represent ±1 standard
deviation.2.2.5. f-potential measurements
Particle f-potential measurements where performed using a
Zetasizer (Malvern Instruments, UK) via pH titration (MPT-2)
which combined dynamic light scattering (DLS) and electrophore-
sis mobility. The f-potential and size measurements of the aqueous
particle dispersions were measured (in triplicate) as the pH of an
aqueous dispersion of each of the studied particles was progres-
sively adjusted from native pH to pH 2 and a freshly prepared sam-
ple was then adjusted from native pH to pH 8, using various
concentrations of HCl and NaOH as titrants. f-potential data, unless
otherwise stated, are given as mean values of the triplicate mea-
surements; error bars shown represent ±1 standard deviation also
calculated from the triplicate size data.2.2.6. Interfacial tension measurements
Interfacial tension (IFT) measurements were determined using
the Wilhelmy plate method via a K100 Tensiometer (Kruss,
Germany), operated at room temperature. The platinum plate
was used to measure the interfacial tension between the oil phase
which was pipetted onto the aqueous phase. Particles were dis-
persed in either the oil or aqueous phase and measurements were
taken until an equilibrium interfacial tension was achieved. All
interfacial tension measurements were carried out in triplicate
with the mean values given to ±1 standard deviation.
2.2.7. Wettability measurements
The hydrophobic/hydrophilic character of the particles was
assessed in terms of their wettability. Measurements were
recorded at room temperature on an EasyDrop goniometer (Kruss,
Germany) fitted with a micro-syringe and high speed camera. Sta-
tic contact angles were measured using the sessile drop method.
Water or oil droplets (7.5 lL) were spotted onto compressed parti-
cle dick/pellet surfaces via the micro-syringe. The video camera
was used to video-record droplet formation. The initial droplet
contour was mathematically described by the Young–Laplace
equation using the EasyDrop software and as such hW and ho ()
that were calculated refers to the contact angle between the parti-
cle substrate and a water droplet and oil droplet, respectively. The
compressed dicks were prepared by placing 1 g of the pure
powdered particles between the plates of a hydraulic pellet press
(Graseby Specac, UK) using a 13 mm diameter die under a weight
of 3 tonnes for 30 s. All measurements were carried out in triplicate
and error bars were calculated as ±1 standard deviation.
3. Results and discussion
3.1. Assessment of the Pickering functionality of particles
A range of particulate species were characterised in terms of
their size, as dispersions within an aqueous or oil phase, charge,
wettability and interfacial behaviour, in an attempt to assess their
potential Pickering functionality. Specifically, the selected particles
were CMCC (colloidal microcrystalline cellulose), HPMC (hydrox-
ypropyl methylcellulose) and EC (ethylcellulose) as well as two fla-
vonoids (rutin hydrate and naringin), due to their availability and
commercial viability.
3.1.1. Effect of particle size
Particle size is an extremely important parameter when
considering Pickering functionality, as it will, amongst many other
phenomena occurring during emulsification, mainly govern the
timescales over which particle adsorption at the oil–water inter-
face will take place. Based on the following equations proposed
by Walstra [34], tA, time taken for particle to adsorb at the liq-
uid–liquid interface, can be calculated depending on flow charac-
teristics (tf: turbulent flow – Eq. (3); lf: laminar flow – Eq. (4)):
ttfA 
CM
CðedÞ13
ð3Þ
tlfA 
CM
Cd _c
ð4Þ
where e is the average rate of energy dissipation per unit mass of
the emulsion, d is the droplet diameter, and _c is the shear rate of
the regular flow. With respect to tA, emulsifier effects are intro-
duced in these equations through the ratio of the emulsifier adsorp-
tion in the complete monolayer, CM, and the bulk emulsifier
concentration, C. Typically for surfactants and proteins, values of
CM in the range of 1.5 – 2 mg/m2 have been measured experimen-
tally [35]. However, CM values for particles can be calculated by
Table 2
Native particle size (lm), reduced particle size following sonication (lm) and the
corresponding span values for cellulose (CMCC and HPMC) and flavonoid (rutin
hydrate and naringin) particles dispersed in a lipid medium (measured in triplicate
and ±1 standard deviation).
Particle type Native particles (oil) Sonicated particles (oil)
D3,2 (lm) Span D3,2 (lm) Span
CMCC 2.48 ± 0.71 1.77 ± 0.03 2.06 ± 0.01 23.72 ± 0.64
HPMC 22.46 ± 0.96 1.64 ± 0.18 11.77 ± 0.30 3.21 ± 1.13
EC 0.66 ± 0.01 0.38 ± 0.01 0.65 ± 0.01 0.38 ± 0.01
Rutin hydrate 11.22 ± 5.44 1.85 ± 0.96 10.52 ± 0.57 23.18 ± 18.01
Naringin 12.49 ± 1.53 1.77 ± 0.57 18.64 ± 0.82 5.19 ± 0.57
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is the fraction of area covered by adsorbed particles in a complete
monolayer (for spherical particles it is approximately 0.907) [36]:
CM  qP/CPð4pr3=3Þ=ðpr2Þ ð5Þ
Therefore, CM is directly proportional to the particle radius, r,
and hence tA increases as the particle size increases.
Particles investigated here were characterised in terms of their
size, initially following dispersion within an aqueous medium, in
order to gain insight into their potential ability to stabilise O/W
emulsions. Native particle size (following mild mixing) and particle
size following sonication data collected for all particle types are
provided in Table 1; particles were sonicated at 30 s time intervals
until no further change to their size was recorded.
It was shown that sonolysis had either no significant effect on
particle size, as was the case for CMCC and HPMC, or particle size
reduction was indeed achieved, e.g. rutin hydrate (Table 1). CMCC,
naringin, rutin hydrate and EC particle sizes were measured using
the SMLS technique and rutin hydrate systems exhibited the high-
est level of polydispersity. Due to their smaller size, HPMC particle
sizes were measured using a DLS method. Upon sonication, obser-
vation of the polydispersity indices of these samples highlights
that polydispersity of HPMC particles as being unaffected. Rutin
hydrate (following sonication) and HPMC (even without sonica-
tion) possess the smallest particle sizes with a significant volume
(%) of particle sizes in the nano-size range. These smaller particles
(rutin hydrate and HPMC) were expected to be best suited for
the stabilisation of small O/W emulsion droplets. Additionally, the
overall stability of an emulsion is inversely proportional to particle
size, with smaller particles giving a higher packing efficiency, and
therefore providing a more homogenous layer at the interface
preventing coalescence [3]. On the other hand, if adsorption does
occur, particle size has a direct effect on Edet (Eq. (1)), with smaller
particles (e.g. HPMC) resulting in lower Edet values and therefore
expected to detach from the oil–water interface more easily than
larger particles, especially if further processing occurs following
initial droplet formation, and potentially to the detriment of
emulsion stability. The paradox in this conflicting rationale serves
to further stress that neither emulsion droplet size nor emulsion
stability are controlled by particle size alone and that additional
characteristics such as particle charge, wettability and interfacial
behaviour (evaluated in later parts of the present study) must also
be considered in equal terms.
Understanding of particle behaviour in a lipid environment is
equally important and particularly relevant when considering the
stabilisation of W/O emulsions. For this reason the size of the same
particles was also measured for their dispersions within an oil
medium (sunflower oil), prior to (native particles) and following
ultrasound (sonicated particles) treatment (Table 2). The data
obtained reveal that particle sizes in this case are much larger than
when the same structures were dispersed in an aqueous environ-
ment, even following sonication, with the exception of EC andTable 1
Native particle size (lm), reduced particle size following sonication (lm) and the corresp
where h is individual particle contact angles with water and cow is 25 mN/m) for cellulose (
an aqueous medium (measured in triplicate and ±1 standard deviation).
Particle type Native particles (aq.)
D3,2 (lm) Span PDI
CMCC 1.67 ± 0.17 2.82 ± 0.02 –
HPMC 0.23 ± 0.07 – 0.65 ± 0.04
EC 109.6 ± 2.38 1.88 ± 0.01 –
Rutin hydrate 4.69 ± 0.43 3.12 ± 0.18 –
Naringin 8.53 ± 0.39 2.41 ± 0.08 –CMCC. EC particle size is significantly smaller when dispersed in
the oil phase compared to when dispersed in an aqueous medium,
suggesting that EC may be predominantly hydrophobic and more
suited for the stabilisation of W/O emulsions. This is assumed to
be the case as hydrophobic particles are not as easily dispersed
and are more likely to form particle aggregates in an aqueous envi-
ronment. CMCC size is relatively small and similar in both disper-
sion media indicating an almost similar affinity for the particle to
be placed in either phase. Ultrasound treatment appears to have
little effect on particle size; only HPMC particles decrease in size
and in this case the span of the particle size distribution is signif-
icantly increased as a consequence. Additionally, with the excep-
tion of EC, the span of the remaining particles increased.
As stressed previously, particle size is not the only determining
factor and many other considerations must be accounted for
when assessing the potential of particles to function as Pickering
stabilisers. For example, particle size and charge in particular can
be significantly affected by changes to pH conditions.
3.1.2. Effect of pH environment
Depending on the final formulation and end applications of
edible Pickering emulsions, the pH of the system can vary signifi-
cantly. Therefore, particle behaviour within different pH environ-
ments must be understood as changes in particle f-potential can
potentially affect particle dispersion/aggregation. The effect of pH
on the f-potential and size (in aqueous dispersions) of the particles
studied here was determined using a titration method and the
obtained data are presented in Fig. 1 and native pH values of aque-
ous particle dispersions are given within Fig. 1 caption. It should be
noted that discussion here will focus on the overall behaviour of
these particles as a function of pH in qualitative rather than quan-
titative terms; this is mainly relevant to the collected DLS particle
size data. Since the used DLS method is best suited for the charac-
terisation of nanomaterials, accurately measuring the sizes of lar-
ger particles and/or particle aggregates (i.e. >5 lm) in the studied
dispersions can become problematic. In the case of the EC particles,
due to their large size, the DLS method was not able to successfully
measure the larger particle aggregates (which were visible to the
naked eye) accurately.onding span or polydispersity indices (PDI), and Edet values (calculated from Eq. (1)
CMCC, HPMC and EC) and flavonoid (rutin hydrate and naringin) particles dispersed in
Sonicated particles (aq.)
D3,2 (lm) Span PDI Edet (kT)
1.53 ± 0.06 2.49 ± 0.04 – 1.61  106
0.14 ± 0.03 – 0.67 ± 0.19 3.32  105
63.08 ± 1.39 2.25 ± 0.01 – 3.02  1010
0.18 ± 0.01 13.26 ± 0.91 – 6.04  105
6.41 ± 0.41 1.85 ± 0.15 – 7.76  108
Fig. 1. Particle size and f-potential as a function of pH for: (a) flavonoid particles
[rutin hydrate and naringin] and (b) cellulose particles [HPMC and CMCC]. Data
points are averages of data collected in triplicate and error bars represent 1
standard deviation; where not visible, error bars are smaller than the used symbols.
Brackets refer to the y-axis that specific data points should be read against [native
pH: rutin hydrate (pH 4.6); naringin (pH 5.54); HPMC (pH 5.25); CMCC (pH 6.18)].
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change from acidic to alkaline, the size of the rutin hydrate parti-
cles decreases to 400 nm with a wide but yet unimodal distribu-
tion. After the isoelectric point (IEP), at approximately pH 3.5, the
f-potential for rutin hydrate decreases progressively to 40 mV (at
pH 8). This behaviour is due to the presence of quercetin within the
rutin hydrate molecular structure. This polyphenolic moiety has
two C7A(OH)2 groups and behaves as a polyprotic acid undergoing
significant dissociation between pH 4 and pH 8 by imparting a
negative charge to two H+ surface molecules [26]. Naringin had a
similar effect with respect to the effect of pH on particle charge.
When comparing the two flavonoids, a higher magnitude of nega-
tive f-potential was attained with rutin hydrate as the dispersion
became more basic. This may be the result of the corresponding
C7AOH group on the naringin molecule being glycosylated to the
disaccharide moiety, inhibiting ionisation and thus reducing
negative f-potential magnitude.In relation to the cellulose type particles (Fig. 1b), a pH increase
particle size decrease effect was observed with the CMCC particles
where particle size decreased in acidic conditions and size reduc-
tion halted at around pH 3. Average particle size remained fairly
low and stable within a range of 200–400 nm as the dispersion
alkalinity increased. However, the particle size distribution
becomes wider and more non-uniform as alkalinity increased sug-
gesting an increase in particle polydispersity. Negative f-potential
increased in acidic conditions and this halted at approximately
native pH at 55 mV. As pH increased from 4 to 8, negative
f-potential remained at this value. Responsibility for the high
f-potential lies potentially with the oxidation of the several AOH
groups attached to the a-gluco-pyranose ring which acts as a
monobasic acid [37,38]. HPMC particles displayed a similar effect
as the flavonoid samples in terms of the charge on the particles.
As alkalinity of the particle aqueous dispersion increased, the par-
ticle negative charge increased past the IEP in acidic conditions and
continued to increase towards a maximum and then remained
constant as the pH continued to increase (see Fig. 1b). With HPMC
particles, some of the hydrogen ions present in the AOH groups in
CMCC have already been substituted by methyl or hydroxypropyl
radicals to obtain HPMC compounds. This reduces their ionisation
potential and hence the f-potential of these particles is much lower
compared to other particle types.
All particles possess a negative charge at their native pH with
CMCC possessing the highest at 53.70 mV and this indicates that
once particles adsorbed at the oil–water interface, interparticle
repulsive forces amongst particles at the interface could aid droplet
stability against coalescence. Therefore, prospective particle place-
ment at the interface must also be investigated, via analysis of par-
ticle wettability and particle affectation of the oil–water interface.
3.1.3. Effect of particle surface character
Particle behaviour at the oil–water interface is highly important
in understanding potential emulsion droplet formation and
stability. Despite this, particle arrangement at the interface is
notoriously difficult to assess and in this study two methods have
been chosen in order to further understand particle behaviour;
determination of particle wettability and particle affectation of
the sunflower oil–water interfacial tension.
3.1.3.1. Particle wettability. The wettability (hydrophilic/lipophilic)
character of the studied particles, as reflected by the individual
contact angle measurements with water (hW) and then with oil
(hO), can be used as an indication of the type of emulsion that these
solid species would favour stabilising [5]. Accordingly, where the
value for hW significantly exceeds hO for particles, they can be cat-
egorised as relatively hydrophobic, with the converse being true
for hydrophilic particles.
With the exception of CMCC, all cellulose particles had hW val-
ues that exceeded their hO value, and as a consequence it can be
said they possess an overall hydrophobic character. In the case of
CMCC, the difference between the contact angle values (Fig. 2) is
much smaller than other systems (accounting for the error in the
values) indicating that there is no significant preference for either
phase in comparison to the other systems. The contact angles are
also fairly low for both phases with CMCC particles (similar to
the particle size trend observed) indicating an affinity for both
phases and as such, there can be no prediction of preferential
emulsion type formation based on the wettability character of this
particle type. In the case of the flavonoid particles, via analysis of
Fig. 2, rutin hydrate can be classed as relatively hydrophilic as
the value of hO for this particle is higher than its value of hW,
highlighting that it is preferentially wetted by the water phase.
Naringin particles contact angle values are similar to CMCC, in that
they are low with respect to both phases.
Fig. 2. Contact angles with oil, hoil () (open square symbols) and with water hwater
() (filled circle symbols) (measured in triplicate and error bars represent two
standard deviations), for cellulose (CMCC, HPMC and EC) and flavonoid (rutin
hydrate and naringin) particles. [Error bars represent ±1 standard deviation and
where not visible are smaller than symbols].
Table 3
Particle density (kg/m3) and interfacial tension (mN/m) data for: CMCC, HPMC, EC,
naringin and rutin hydrate. Interfacial tension values are provided for particles placed
either within the aqueous or sunflower oil phase during measurement. All particles
were measured at their native pH in unbuffered MilliQ water, in triplicate and ±1
standard deviation.
Particle type Particle density,
qparticle (kg/m3)a
Equilibrium interfacial tension
(mN/m)
Aqueous phase Oil phase
CMCC 600 25.11 ± 0.12 14.38 ± 0.16
HPMC 1390 14.20 ± 0.24 4.51 ± 0.24
EC 1140 21.41 ± 0.63 6.93 ± 0.10
Rutin hydrate 1820 24.46 ± 0.22 15.40 ± 0.31
Naringin 1660 19.13 ± 0.01 1.03 ± 0.31
a Provided from MSDS documentation.
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chemical structure of the materials. In the case of the celluloses,
chemical alteration of the CMCC particles allows for the derivation
of both HPMC and EC materials via the partial substitution of the
hydrophilic AOH groups for non-polar hydrocarbons such as
methyl (for HPMC) or ethyl structures (for EC) both of which are
hydrophobic functional groups. Due to this, strong hydrophobic
zones form on these materials. For CMCC, the many hydrophilic
AOH groups present on the lipophilic cellulose backbone means
it would be anticipated that they should have an affinity for both
oil and water phases. Where the flavonoid particles are concerned,
the rutin compound has been hydrated and therefore, when intro-
duced to an aqueous phase, dissolution will always occur to some
extent. Additionally, the added water molecules that have formed
hydrogen bonds in the hydrated structure will repel oil droplets,
allowing for an explanation for the hydrophilicity of the particle.
With respect to the naringin particles, the presence of both AOH
and ACH3 groups imparts a degree of amphiphilicity to the parti-
cles, however, there are typically less hydrocarbon groups than
the modified cellulose particles and so the hydrophobicity is
reduced in comparison.
3.1.3.2. Interfacial tension. Although IFT measurement data is gen-
erally regarded as not as significant in Pickering systems as it is
in surfactant stabilisation mechanisms, it is still important. How-
ever it is a static method and not equivalent to what occurs during
the actual emulsification process. Subsequently, the effect of parti-
cles on the IFT of an immobile sunflower oil–water system was
investigated (see Table 3). IFT was measured for particles initially
dispersed in the water phase and then also measured with parti-
cles dispersed in the oil phase. Interfacial tension was also mea-
sured between water and sunflower oil in the absence of
particles as a baseline for comparison purposes. Equilibrium IFT
measured for such a system was 24.61 ± 0.89 mN/m.
Here a relationship between the hydrophobicity of the particle
(see Fig. 2) and interfacial tension can be realised. The hydrophobic
character of a particle can, to an extent, dictate which phase it
prefers to remain in. Therefore, hydrophobic particles in an aqueous
dispersion will tend to migrate towards the oil phase, and as aconsequence the oil–water interface, effecting a reduction in the
interfacial tension. In the case of IFT where particles are dispersed
in the oil phase, sedimentation affects the oil/water IFT more
strongly as a result of the Wilhelmy plate method. Hence particle
size and density affect IFT, further resulting in an increased IFT
reduction in all cases.
Consequently it can be seen that the predominantly hydrophobic
cellulose particles, HPMC and EC, when dispersed in the aqueous
phase, lowered IFT the most. Dispersion in the oil phase resulted
in HPMC and EC considerably lowering IFT once again. These parti-
cle types individually have a higher density than the oil phase but
possess a primarily hydrophobic character (see Fig. 2) suggesting
that they would have an affinity for the liquid–liquid interface
and subsequently lower IFT for this reason, in this case. The third
cellulose particle type, CMCC had a minor effect on IFT when dis-
persed in either oil or water as it has a similar preference for both
phases (see Fig. 2), and its density is lower than both liquid phases.
It has a slight effect on IFT when dispersed in oil due to its compar-
atively large size and hence sedimentation effects prevail.
Comparison between the naringin IFT values when these parti-
cles are dispersed in the water phase and when they are dispersed
in the oil phase indicate a discrepancy in particle ability to lower
interfacial tension. Naringin appears to reduce IFT the most of all
particles when dispersed in the oil phase however this is most
likely due to sedimentation effects, and not a true reduction of a
lowering of the oil–water interfacial tension. This is believed to
be the case as it possess the largest particle size (when dispersed
in oil), and a density higher than both liquid phases (densities of
oil and water phases are taken as 915 and 998 kg/m3 respectively)
(see Table 3). Rutin hydrate appears to have the same effect on IFT
as CMCC despite the high particle density; however, rutin hydrate
particles are mainly hydrophilic in character and are significantly
smaller than CMCC particles. Its hydrophilicity can explain why,
when dispersed in the aqueous phase, the IFT remains unaffected
as it has an affinity for the water phase and therefore particles
are not driven to migrate across the interface towards the oil
phase. Conversely, when rutin hydrate is dispersed in oil, the high
particle density and hydrophilic nature promotes perturbation of
the interface and hence the IFT is lowered.
3.2. Pickering emulsion behaviour
Both oil-in-water and water-in-oil emulsions were produced
using the different particle types to stabilise droplets at various
particle concentrations. Two processing methods were also inves-
tigated; rotor stator mixer and high pressure jet homogenisation,
in order to assess the effect on emulsion microstructure.
3.2.1. Oil-in-water Pickering emulsions
Preliminary experiments regarding particle concentration and
its effect on emulsion droplet size and stability, in addition to data
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particles, a particle concentration of >1.5% w/w was sufficient to
adequately stabilise a 20% w/w sunflower oil-in-water emulsion.
Fig. 3 shows the mean droplet size for these emulsions using the
high shear mixer process described earlier as a function of storage
time and hence gives an indication of emulsion stability. In terms
of the flavonoid particles, it was shown that a higher particle con-
centration was required to produce smaller droplets, however sta-
bility of the droplets was unaffected by particle concentration. It
was apparent that, with a minimum flavonoid particle concentra-
tion of 1.5% w/w, once the particles had adsorbed to the oil–water
interface, irrespective of initial droplet size or emulsion creaming,
they were stable to coalescence for the duration of the stability
study (i.e. 14 days) (see Fig. 3).
In order to drive droplet stabilisation, particle concentrations
used exceeded the minimum particle concentrations required for
maximum particle coverage of droplets given the oil volume used,Fig. 3. (a) Mean droplet sizes (D[3,2]) of O/W emulsions (20:80) produced using
particles alone (at 1.5% w/w) to stabilise droplets initially, at day 1 and day 14 (b)
Creaming index for all emulsions shown, initially, at day 1 and day 14. Measure-
ments were recorded in triplicate and error bars represent 2 standard deviations.
[Error bars where not visible are smaller than symbols].and consequently it was expected that unadsorbed particles would
remain in the continuous phase. Not only was there evidence of
particle sedimentation within emulsion systems as a result but
preliminary rheology measurements showed that viscosity was
unaffected and emulsions behaved as Newtonian liquids. As
expected based on particle size, the smaller HPMC particles pro-
duced emulsions containing the smallest oil droplets and the larger
flavonoid particles produced the largest droplets (see Fig. 3). How-
ever, there is no definitive trend with respect to the particle size:
droplet size ratio (Table 4), which again suggests that there are fac-
tors other than particle size that influence emulsion behaviour. All
emulsions prepared creamed after 14 days, and creaming rates, t,
(m/s) were calculated via the Stokes equation (see Table 4):
t ¼ 2r
2ðqdroplet  qoÞg
9g
ð6Þ
where r is droplet radius (lm), qdroplet, is the droplet density
(kg/m3), qo, is the bulk phase density (kg/m3), g, is the local
acceleration due to gravity (m/s2), and g, is the bulk phase viscosity
(kg/ms). qdroplet, was calculated via:
qdroplet ¼
madp þmoil
Vdroplet
ð7Þ
where adsorbed particle mass (kg), madp, mass of oil in the droplet
(kg), moil, and volume of droplet (m3), Vdroplet, are given by:
madp ¼ qparticle
4
3
p
Ddroplet
2
 3
 Doil
2
 3
ð8Þ
moil ¼ qoil
4
3
p Doil
2
 3
ð9Þ
Vdroplet ¼ 43p
Ddroplet
2
 3
ð10Þ
As oil droplet diameter (lm), Doil, is derived from:
Doil ¼ Ddroplet  2Dadp ð11Þ
Assuming that particles form a uniform monolayer at the dro-
plet surface, (as shown in schematic diagram, Fig. 4) irrespective
of particle contact angle, qparticle is particle density (kg/m3)
(Table 3), Dadp is the adsorbed particle diameter, and density of
oil phase, qoil is taken as 915 kg/m3. The three particle arrange-
ments detailed in Fig. 4 represent possible contact angles at the
interface (measured through the water phase) as >90 (Fig. 4, left
droplet), 90 (Fig. 4, centre droplet) and <90 (Fig. 4, right dro-
plet). It can be seen that in spite of variance in contact angle, differ-
ences in oil volume amongst the three different systems is
negligible where droplet sizes are equivalent.
It can be observed from Table 4 that as all values for droplet
density are less than the density of the bulk phase (998 kg/m3)
and the values for t are all negative, that creaming ensues as
opposed to sedimentation [39] with the exception of Naringin sys-
tems. Naringin stabilised emulsions creamed at the highest rate, as
can be seen in Fig. 3b (creamed layer is largest initially) and Table 4
(highest t value), however it has a positive t value indicating that
sedimentation of droplets is most likely to occur. Experimentally,
this was not found to be the case as droplets creamed and this dis-
parity may be due to incomplete droplet surface coverage by par-
ticles and not the uniform particle monolayer at the interface as is
assumed when calculating creaming rates here. Incomplete droplet
coverage promotes droplet coalescence and this is consistent with
the fact that Naringin stabilised droplets experienced the most
growth across the period of storage in comparison with the other
systems.
Indeed the calculated t values correlate well with the C.I.
observed (Fig. 3b) for all systems; those with the lowest creaming
Table 4
Particle size, initial droplet size, particle/droplet size ratio, droplet density, creaming rates, number of droplets possible given oil volume and number of droplets possible in
creamed layer (Fig. 3b) for all particle stabilised 20% O/W emulsion systems containing 1.5% w/w particle concentration (Fig. 3a). Measurements were recorded in triplicate and
values are given to ±1 standard deviation.
Particle type HPMC CMCC Rutin hydrate Naringin
Particle size (lm) 0.14 ± 0.03 1.53 ± 0.06 0.18 ± 0.01 6.41 ± 0.41
Initial droplet size (lm) 9.13 ± 0.17 9.93 ± 0.43 24.30 ± 0.88 49.51 ± 8.27
Droplet/particle size ratio 63.4 6.5 135.8 7.7
Droplet density, qdroplet (kg/m3) 958.5 704.3 954.4 1356.7
Creaming rate, t (m/s) 1.80  106 1.58  105 3.41  105 4.78  104
Number of dispersed phase droplets possible (oil volume) 5.44  1010 1.62  1011 5.38  109 5.19  107
Number of dispersed phase droplets possible (creamed layer) 9.48  1010 3.18  1011 1.21  1010 1.01  108
Fig. 4. Schematic representation of the cross section of an oil droplet (O/W emulsion) stabilised by particles with interfacial arrangements corresponding to contact angles of:
(a) h = 180, (b) h = 90 and (c) h = 0.
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whereas the naringin (highest creaming rate calculated) creamed
immediately. The number of droplets possible given the volume
of the creamed layer for emulsion systems appeared to be signifi-
cantly larger than the number of droplets possible from the oil vol-
ume input into the emulsions in all cases, following 14 days (see
Table 4). Essentially, this indicates that the creamed layer allows
for more droplets to be produced than is possible with the volume
of the oil in the system, even with maximum droplet coverage by
particles assumed. This may be the result of random loose packing
of particles at the interface and/or free particle aggregates present
in the creamed layer. Additionally, all particles were shown to be
negatively charged at native pH (see Fig. 1) and present in excess
concentration in order to drive droplet stabilisation and so it is
probable that there are significant interparticle repulsive forces
within the continuous phase, leading to a larger creamed layer.
Interestingly, the CMCC stabilised emulsions creamed at an
intermediate rate, but had the lowest qdroplet value, which would
predict the highest creaming rate. In addition, the rutin stabilised
emulsions showed very little difference in droplet size over time,
despite the large initial droplet size compared to the other particle
stabilised systems. It can be reasoned that these anomalies are due
to the wettability of these particle types (Fig. 2). Rutin hydrate has
a predominantly hydrophilic character and CMCC has no signifi-
cant difference in preference for either the water or oil phase,
therefore, they are more likely to provide a higher stability to dro-
plets in an O/W emulsion system compared with the more
hydrophobic particles. Additionally, CMCC particles possess a sur-
face charge of approximately 55 mV at native pH. These particles
covering the droplet surfaces are therefore more likely to repel
each other more strongly than the other more weakly chargedparticle types (i.e. HPMC), which in turn decreases the probability
of droplet coalescence, as well as hindering the occurrence of
creaming.
Naringin stabilised emulsions consisted of large oil droplets, as
predicted, and were unstable. This was expected due to the large
size of the particles and hence the slower adsorption rates to the
interface during processing. The slower kinetics of naringin particle
adsorption compared to smaller particles (e.g. nano-sized) or con-
ventional surfactant adsorption means that as droplets are broken
up during emulsification, newly created areas of liquid interface
are left exposed to approaching droplets encouraging coalescence.
By comparison, smaller particles such as the HPMC by proxy gen-
erally produce smaller emulsion droplets. They have faster kinetics
of adsorption to the interface, and this can be seen experimentally
in the fact that they produced the smallest droplet sizes initially
(see Fig. 3a). However, as the magnitude of free energy of detach-
ment of a particle, Edet, from the interface is inversely proportional
to the particle size (see Eq. (1)), HPMC particles will also have a
lower magnitude of Edet (although still significantly higher than
typical low molecular weight surfactants) and will detach from
the interface more readily than the other particles. In turn, this
allows the emulsion system to become more susceptible to droplet
flocculation and coalescence. As a consequence of these various
factors, it was evidenced that the HPMC and naringin particles
appeared to yield the least stable emulsions as the difference
between the initial droplet sizes and those measured after 14 days
were the highest (see Fig. 3).
3.2.2. W/O emulsions
W/O emulsions were prepared using the particles to stabilise
the interface, and emulsions were produced using the RSM process
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persed in the oil phase initially (see Table 2) and then 20% W/O
emulsions were formed. Emulsion droplet sizes for all particles
prepared via rotor–stator mixer were initially significantly larger
than those found in the corresponding O/W systems and subse-
quently, all emulsions creamed immediately and had all phase sep-
arated within 24 h. The exceptions were the EC particle-stabilised
emulsion systems which were stable for in excess of 2 weeks and
HPMC stabilised emulsions which were stable for approx 24 h
(see Fig. 5). Both particle types underwent ultrasound treatment
prior to emulsification.
These two particle types were expected to stabilise W/O emul-
sions, largely due to their predominantly hydrophobic nature,
which also meant that they dispersed more easily in the oil phase
compared to the other particles assessed. The lack of HPMC-
stabilised droplet stability in comparison to the EC stabilised emul-
sions indicates rapid droplet coalescence. This is potentially due to
incomplete particle coverage leaving exposed droplet surface area
left susceptible to droplet–droplet coalescence, which is expected
due to the large and polydispersed HPMC particles when dispersed
in oil. Indeed, EC stabilised emulsions were more stable than emul-
sions using HPMC to stabilise droplets due to the smaller initial
droplet size as EC particles were found to be smaller in size
(Table 2) when dispersed in the continuous oil phase promoting
smaller droplet formation during processing in comparison. Addi-
tionally EC particles were more negatively charged at their native
pH than HPMC particles increasing the probability of interparticle
repulsive forces between EC stabilised droplets.
3.3. Effect of processing conditions
Pickering particles were used to produce simple O/W emulsions
in order to assess and compare the effects of low (Silverson mixer)
and high (HPH) shear emulsification processes on resulting emul-
sion microstructure, specifically in terms of droplet size and stabil-
ity. Fig. 6 depicts 20% w/w sunflower oil emulsions prepared usingFig. 5. Mean droplet size (lm) as a function of time for 20% w/w water-in-oil
emulsions stabilised by different particles and prepared via rotor–stator mixer at
10,000 rpm for 2 min. Measurements were performed in triplicate and error bars
represent ±1 standard deviation. [Error bars where not visible are smaller than
symbols]. Micrograph inserts indicate initial emulsion droplets formed using HPMC
(top) and EC (bottom) particles.
Fig. 6. Mean droplet size (lm) as a function of time for 20% w/w sunflower oil-in-
water emulsions stabilised by different particles and prepared via (a) RSM at
10,000 rpm for 2 min and (b) 5 passes via HPH at 900 bar. Measurements were
performed in triplicate and error bars represent ±1 standard deviations. [Error bars
where not visible are smaller than symbols].various particles at a pre-determined minimum particle concentra-
tion, individual to that particle. Based on preliminary work con-
ducted surrounding particle concentration effects, 2% w/w
modified polysaccharide particles was seen to be adequate to pro-
duce stable emulsions and so this was used for HPMC and CMCC
particle stabilised emulsions. For the flavonoid particles, based
upon the same premise, 2.5% w/w naringin and 3% w/w rutin
hydrate were used, and again EC particles were unable to produce
stable O/W emulsions, and so processing type comparisons were
not completed for this particle type.
Most particles produced smaller, more stable droplets with the
increased particle concentration (see Figs. 3a and 6a) and there
again with the higher energy process, HPH (see Fig. 6a and b), as
would be expected [40,41]. Although sonolysis treatment was
previously shown to not significantly reduce the particle size of
both Naringin and CMCC particles, emulsions produced were
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when dispersed in the aqueous phase (Table 2) therefore this sig-
nificant reduction in emulsion droplet size appears to be caused
by a particle size reduction. This reduction was more than likely
due to the higher pressure breaking down particles in the HPH
pressure chamber during processing. These smaller particles were
then able to diffuse to the interface more quickly as smaller dro-
plets were produced during homogenisation.
Conversely, the data suggests that rutin hydrate particles pro-
duced smaller droplets with the lower energy process, RSM, than
with the HPH process (see Fig. 7). For this, there are two possible,
separate but plausible, explanations. Firstly, it could be reasoned
that this effect occurred due to the fact that the emulsions were
processed using the RSM initially; they were then passed through
the HPH where the previously formed droplets were broken up fur-
ther into smaller droplets. The larger size and wide distribution of
rutin hydrate particles means that they cannot adsorb at the inter-
face as rapidly as conventional surfactants and so as the high
energy process causes the previously formed droplets to break into
smaller ones, the newly created interface is not sufficiently covered
by particles and so droplets coalesced. Equally, it could be reasoned
that the measurements given by the Mastersizer apparatus has
incorrectly observed flocculated oil droplets (and not particle
aggregates as the refractive indices of rutin hydrate (1.77) and
sunflower oil (1.47) are too dissimilar) as individual droplets.
Micrographs were collected of all emulsion samples in order to
corroborate droplet size measurements and all samples correlated
well (as shown in Fig. 8c and d) with the exception of the emul-
sions formed using rutin hydrate via HPH processing. Based on
optical imaging analysis subsequently conducted (see Fig. 8), and
the fact that all emulsions creamed but remained stable to coales-
cence for the duration of the study, it appears that the latter may
be the case.
The micrographs appear to show droplets and droplet floccs of
1–5 lm in diameter which is not significantly represented in the
corresponding distribution curves. Additionally, the stability of
these rutin hydrate stabilised emulsions produced via HPH pro-
cessing was relatively high (see Fig. 7). After 14 days droplet size
changed slightly and the main peak that was observed previouslyFig. 7. Droplet size distribution curves for 20% w/w sunflower oil emulsions
stabilised with 3% w/w rutin hydrate particles produced via RSM and HPH
processing at various time points.(100 lm) decreased in size along with the appearance of a small
peak in the 1–10 lm range. Micrographs show the existence of
aggregated droplets irrespective of processing method, however
this effect is exaggerated in the rutin stabilised HPH processed
emulsions (Fig. 8). SEM micrographs (Fig. 8e) show no evidence
of bridging flocculation within these emulsions and this suggests
that network stabilisation or particle–particle electrostatic interac-
tions occur within the continuous phase, which began to break
down over time allowing for the detection of the individual dro-
plets. Rutin hydrate particles were also shown earlier to be weakly
charged at native pH in comparison to the other particles studied
here (10 mV), which decreases the potential for droplet–droplet
repulsion to occur. Hence, rutin hydrate stabilised droplets are
more likely to flocculate than the other more highly charged parti-
cle systems. The pronounced flocculation of the HPH droplets com-
pared to the RSM systems is likely due to the higher energy input
from the HPH process. Previous studies conducted found that the
introduction of superfluous energy to solid lipid nanoparticles,
via exposure to light and elevated temperatures, resulted in a
decrease in particle zeta potential [42]. In this study, the additional
energy and pressure imparted via HPH has potentially led to
changes in the crystalline structure of the rutin particles and a
decrease in particle surface charge. Hence stabilisation of the
emulsion through electrostatic repulsion may be further reduced
and droplet flocculation is more prominent.
Following processing by RSM, as only EC and HPMC produced
W/O emulsions that were stable enough to be measured these
emulsions were passed through the HPH. The other emulsions sep-
arated immediately and so could not be correctly passed through
the HPH. Consideration of Fig. 9 suggests that HPH pass number
had little effect on EC stabilisedW/O emulsion droplet size: droplet
sizes remain comparable to those found when the RSM method
was utilised.
Not only does this indicate the minimum droplet size of this
formulation, but it also highlights the shear tolerance of such
emulsions. In the case of the HPMC systems, there was an initial
decrease in droplet size following the first pass. Subsequent passes
however resulted in a gradual increase in droplet size. This may be
a consequence of over processing whereby as droplet breakup con-
tinued to occur during processing, droplet coalescence increased.
HPMC has a lesser degree of hydrophobicity in comparison to EC
meaning particles are less likely to hold a fixed position at the
interface during processing, which can go some way to explaining
this phenomenon.
Of all emulsions produced, all EC emulsions and the HPMC
emulsion following 5 passes via HPH, remained stable (see
Fig. 10). All other emulsions (produced via either emulsification
method) creamed immediately after preparation and after 24 h
had phase separated. The data regarding the HPMC emulsions
shows that following 1 pass through the HPH, droplet sizes become
more stable and then with each subsequent pass, droplet size
increased. However, HPMC emulsion following 5 passes via HPH
(see Fig. 10a) represents the largest average droplet size of all
the HPMC W/O emulsions was, however, the most stable system
and when visualised this showed the smallest droplet size (see
micrograph insert, Fig. 10b). The slight shift of the distribution
curve causing a decrease in droplet size after 1 month (see
Fig. 10a) in addition to the fact that there was no creaming of
the emulsion, once again suggests that a network stabilisation
mechanism occurring in the bulk may be breaking down over time
and smaller droplets or smaller droplet flocs are being identified by
the characterisation technique. This is similar to what was
observed for the rutin hydrate-stabilised O/W emulsions prepared
via HPH processing, and this may be occurring via a similar mech-
anism. HPMC particles were also shown earlier to be weakly
charged at native pH as rutin hydrate particles were (10 mV)
Fig. 8. Micrographs of rutin hydrate stabilised 20% w/w sunflower oil emulsions (a) produced via 3 passes through HPH after initial preparation and (b) emulsion at
t = 14 days (c) produced by RSM processing following initial preparation (d) emulsion at t = 14 days and (e) SEM micrograph of emulsion produced via 3 passes through HPH
after initial preparation.
Fig. 9. Mean droplet sizes of 20% w/wW/O emulsion (2.5% w/w particles) for HPMC
and EC stabilised systems. (0 pass number value on x-axis relates to RSM method
prior to HPH processing). Measurements were performed in triplicate and error bars
represent ±1 standard deviations. [Error bars where not visible are smaller than
symbols].
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droplet repulsive forces occurring. Hence, these HPMC stabilised
droplets are more likely to flocculate than the other more highly
charged particle systems. EC stabilised emulsions appeared to be
the most stable over time and droplet size reduction was observed
upon HPH processing and increasing pass number (Fig. 10b). Over
time, there was very little change in the droplet size distributions
for all pass numbers, although the emulsion made via Silverson
only did show an increase in droplet size, and the emulsion pro-
duced following 5 passes via HPH was the most stable. It could
be said that the superior stability of these emulsions is a result
of electrostatic repulsions occurring between droplets suppressing
droplet coalescence, due to the high charge carried by the EC par-
ticles at native pH, in a similar fashion to the CMCC stabilised O/W
emulsions. However, they are also nanosized when dispersed in oil
(especially when compared to the large aggregates they formed in
water; see Table 2), and possess a significant hydrophobic charac-
ter, both of which are also contributing factors to the increased sta-
bility of these emulsions.
4. Conclusions
A range of food grade materials, and the O/W and W/O emul-
sions stabilised by such particles, were investigated (see Fig. S2).
Particle characteristics were analysed in an attempt to predict
the droplet size, microstructure and stability of the simple
Fig. 10. Droplet size distribution curves for 20% w/w aqueous emulsions stabilised
with 2.5% w/w (a) HPMC particles after preparation via RSM only, HPH 1 pass and
HPH 5 passes and (b) EC particles via RSM only, HPH 1 pass and HPH 5 passes.
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data, and theory found in the literature [5,9], it can be said that
particle characterisation can be used to predict emulsion type pro-
duced, emulsion droplet sizes and stability of such emulsions.
Extensive investigation of particle properties under equivalent
conditions within this study allows for cohesion in Pickering parti-
cle studies as reported work thus far does not attempt to analyse
such a diverse range of particles comparatively. Previous emulsion
studies regarding flavonoid particles involve the use of such parti-
cles to stabilise n-tetradecane-in-water systems [25]; EC particles
were used in water-in-2-octyldodecanol emulsions [18]; work
involving CMCC describe sunflower oil-in-water emulsion produc-
tion at longer processing timeframes than shown here [20]. By ana-
lysing these different particles under the same formulation and
processing parameters, a more specific and accurate set of design
rules for Pickering particles can be developed and be applicable
to a wider range of Pickering candidate materials for use in food
emulsions. Consequently, such rules can be used to predict particlestabilised emulsion characteristics prior to emulsion formulation,
thus facilitating particle selection in food emulsion research and
development efforts. It was found that the main prerequisites for
particles to be able to stabilise small emulsion droplets are small
particle size ranging between 200 nm and 1 lm, an affinity for
the bulk phase and particle charge to aid stability; particle surface
activity appears to be a less significant factor. These rules are appli-
cable to the 20 wt% O/W emulsions, where this oil volume was
chosen as it is commonly used in food emulsions. Further investi-
gation is required surrounding the effects on these parameters
where higher oil mass fractions are used. It was also shown that
network stabilisation plays a large role in the stability of a propor-
tion of these types of emulsions, both O/W and W/O, and that this
is not easily represented in traditional emulsion characterisation
procedures, to this end, further investigation is required. Food-
grade Pickering nanoemulsions were also produced within this
work that were stable against droplet–droplet coalescence for
extended periods of time, whereas flavonoid stabilised O/W emul-
sions were previously reported to be within the micron size range
[25]. These findings in particular, pave the way for the preparation
of food emulsion systems with more complex microstructures such
as double or tertiary emulsions.
From a commercial perspective, these food grade particles are
relatively cheap, abundant in nature and in the case of the flavo-
noids have been shown to provide health benefits upon human
consumption. It has also been shown here that only relatively
small particle concentrations are required to successfully stabilise
emulsions that, depending on the emulsification process, contain
droplet sizes comparable to conventional surfactant stabilised
emulsions, giving rise to the production of clean label food-grade
emulsions for use in many applications in the food industry, in par-
ticular the health and dietary sectors.
Acknowledgements
The authors would like to acknowledge financial support from
EPSRC and Innovate UK.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcis.2016.03.060.
References
[1] W. Ramsden, Separation of solids in the surface-layers of solutions and
’suspensions’ (observations on surface-membranes, bubbles, emulsions, and
mechanical coagulation) - preliminary account, Proc. R. Soc. London 72 (479)
(1903) 156.
[2] S.U. Pickering, Emulsions, J. Chem. Soc. 91 (1907) 2001.
[3] T.N. Hunter, R.J. Pugh, G.V. Franks, G.J. Jameson, The role of particles in
stabilising foams and emulsions, Adv. Colloid Interface Sci. 137 (2008) 57.
[4] N. Niknafs, F. Spyropoulos, I.T. Norton, Development of a new reflectance
technique to investigate the mechanism of emulsification, J. Food Eng. 104
(2011) 603.
[5] B.P. Binks, S.O. Lumsdon, Influence of particle wettability on the type and
stability of surfactant-free emulsions, Langmuir 16 (2000) 8622.
[6] Q. Yuan, O.J. Cayre, M. Manga, R.A. Williams, S. Biggs, Preparation of particle-
stabilized emulsions using membrane emulsification, Soft Matter 6 (2010)
1580.
[7] M.S. Manga, O.J. Cayre, R.A. Williams, S. Biggs, D.W. York, Production of solid-
stabilised emulsions through rotational membrane emulsification: influence of
particle adsorption kinetics, Soft Matter 8 (2012) 1352.
[8] R. Pichot, F. Spyropoulos, I.T. Norton, O/W emulsions stabilised by both low
molecular weight surfactants and colloidal particles: the effect of surfactant
type and concentration, J. Colloid Interface Sci. 352 (1) (2010) 128–135.
[9] R. Aveyard, B.P. Binks, J.H. Clint, Emulsions stabilised solely by colloidal
particles, Adv. Colloid Interface Sci. 2003 (100–102) (2003) 503.
[10] J. Frelichowska, M.A. Bolzinger, Y. Chevalier, Pickering emulsions with bare
silica, Colloids Surf., A 343 (2009) 70.
[11] R. Pichot, F. Spyropoulos, I.T. Norton, Mixed-emulsifier stabilised emulsions:
investigation of the effect of monoolein and hydrophilic silica particle
L.J. Duffus et al. / Journal of Colloid and Interface Science 473 (2016) 9–21 21mixtures on the stability against coalescence, J. Colloid Interface Sci. 329
(2009) 284.
[12] N.P. Ashby, B.P. Binks, Pickering emulsions stabilised by Laponite clay
particles, Phys. Chem. Chem. Phys. 2 (2000) 5640.
[13] V.N. Paunov, B.P. Binks, N.P. Ashby, Adsorption of charged colloid particles to
charged liquid surfaces, Langmuir 18 (2002) 6946.
[14] S. Stiller, H. Gers-Barlag, M. Lergenmueller, F. Pflucker, J. Schulz, K.P. Wittern,
R. Daniels, Investigation of the stability in emulsions stabilised with different
surface modified titanium dioxides, Colloids Surf., A 232 (2004) 26.
[15] A. Timgren, M. Rayner, M. Sjoo, P. Dejmek, Starch particles for food based
Pickering emulsions, Procedia Food Sci. 1 (2011) 95.
[16] A. Yusoff, B.S. Murray, Modified starch granules as particle-stabilisers of oil-in-
water emulsions, Food Hydrocolloids 25 (2011) 42.
[17] M. Rayner, A. Timgren, M. Sjoo, P. Dejmek, Quinoa starch granules: a candidate
for stabilising food-grade Pickering emulsions, J. Sci. Food Agric. 92 (2012)
1841.
[18] E. Melzer, J. Kreuter, R. Daniels, Ethylcellulose: a new type of emulsion
stabiliser, Eur. J. Pharm. Biopharm. 56 (2003) 23.
[19] I. Kalashnikova, H. Bizot, B. Cathala, I. Capron, New Pickering emulsions
stabilised by bacterial cellulose nanocrystals, Langmuir 27 (2011) 7471.
[20] M. Kargar, K. Fayazmanesh, M. Alavi, F. Spyropoulos, I.T. Norton, Investigation
into the potential ability of Pickering emulsions (food-grade particles) to
enhance the oxidative stability of oil-in-water emulsions, J. Colloid Interface
Sci. 15 (2012) 209.
[21] L.L. Lee, N. Niknafs, R.D. Hancocks, I.T. Norton, Emulsification: mechanistic
understanding, Trends Food Sci. Technol. 31 (1) (2013) 72.
[22] W.-J. Shi, C.-H. Tang, S.-W. Yin, Y. Yin, X.-Q. Yang, L.-Y. Wu, Z.-G. Zhao,
Development and characterisation of novel chitosan emulsion films via
Pickering emulsions incorporation approach, Food Hydrocolloids 52 (2016)
253.
[23] V.N. Paunov, O.J. Cayre, P.F. Noble, S.D. Stoyanov, K.P. Velikov, M. Golding,
Emulsions stabilised by food colloid particles: role of particle adsorption and
wettability at the liquid interface, J. Colloid Interface Sci. 312 (2007) 381.
[24] J.W.J. de Folter, M.W.M. van Ruijven, K.P. Velikov, Oil-in-water Pickering
emulsions stabilised by colloidal particles from the water-insoluble protein
zein, Soft Matter 8 (2012) 6807.
[25] Z. Luo, B.S. Murray, M.R. Morgan, M.J. Povey, A.J. Day, Particle-stabilising
effects of flavonoids at the oil-water interface, J. Agric. Food Chem. 59 (2011)
2636.
[26] Z. Luo, B.S. Murray, A.L. Ross, M.R. Morgan, M.J. Povey, A.J. Day, Effects of pH on
the ability of flavonoids to act as Pickering emulsion stabilisers, Colloids Surf.,
B 92 (2012) 84.[27] S.M. Hodge, D. Rousseau, Continuous-phase fat crystals strongly influence
water-in-oil emulsion stability, J. Am. Oil Chem. Soc. 82 (2005) 159.
[28] B.P. Binks, A. Rocher, Effects of temperature on water-in-oil emulsions
stabilised solely by wax microparticles, J. Colloid Interface Sci. 335 (2009) 94.
[29] S.M. Hodge, D. Rousseau, Flocculation and coalescence in water-in-oil
emulsions stabilised by paraffin wax crystals, Food Res. Int. 36 (2003) 695.
[30] S. Frasch-Melnik, I.T. Norton, F. Spyropoulos, Fat-crystal stabilised w/o
emulsions for controlled salt release, J. Food Eng. 98 (2010) 437.
[31] D. Kurukji, R. Pichot, F. Spyropoulos, I.T. Norton, Interfacial behaviour of
Sodium Stearoyllactylate (SSL) as an oil-in-water Pickering emulsion stabiliser,
J. Colloid Interface Sci. 409 (2013) 88.
[32] M.G.L. Hertog, E.J.M. Feskens, P.C.H. Hollman, M.B. Katan, D. Kromhout, Dietary
antioxidant flavonoids and risk of coronary heart-disease: the Zutphen elderly
study, Lancet 342 (1993) 1007.
[33] E. Keowmaneechi, D.J. McClements, Influence of EDTA and Citrate on
physiochemical properties of whey protein-stabilised oil-in-water emulsions
containing CaCl2, J. Agric. Food Chem. 50 (2002) 7145.
[34] P. Walstra, in: J. Lyklema (Ed.), Fundamentals of Interface and Colloid Science:
Soft Colloids, Elsevier, Amsterdam, 2005. Ch. 8.
[35] T.D. Gurkov, S.C. Russev, K.D. Danov, I.B. Ivanov, B. Campbell, Monolayers of
globular proteins on air/water interface: applicability of the Volmer equation
of state, Langmuir 19 (2003) 7362.
[36] S. Tcholakova, N.D. Denkov, A. Lips, Comparison of solid particles, globular
proteins and surfactants as emulsifiers, Phys. Chem. Chem. Phys. 10 (2008)
1608.
[37] S.P. Saric, R.K. Schofield, The dissociation constants of the carboxyl and
hydroxyl groups in some insoluble and sol-forming polysaccharides, Proc. R.
Soc. London A 185 (1946) 431.
[38] R.A. de Graaf, G.A. Broekroelofs, L.P.B.M. Janssen, A.A.C.M. Beenackers, The
kinetics of the acetylation of gelatinised potato starch, Carbohydr. Polym. 28
(1995) 137.
[39] D.J. McClements, Food Emulsions: Principles, Practice, and Techniques, CRC
Press, Boca Raton, Florida, 1998. ch. 7.
[40] Y. Chevalier, M.A. Bolzinger, Emulsions stabilized with solid nanoparticles:
Pickering emulsions, Colloids Surf., A 439 (2013) 23.
[41] A. Timgren, M. Rayner, P. Dejmek, D. Marku, M. Sjoo, Emulsion stabilising
capacity of intact starch granules modified by heat treatment or octenyl
succinic anhydride, Food Sci. Nutr. (2013) 157.
[42] C. Freitas, R.H. Müller, Effect of light and temperature on zeta potential and
physical stability in solid lipid nanoparticles (SLNTM) dispersions, Int. J. Pharm.
168 (1998) 221.
